Z ika virus (ZIKV) infection has reached pandemic proportions. [1] [2] [3] A devastating consequence of this otherwise frequently benign disease in adults has been the emergence of severe congenital central nervous system (CNS) malformations in infants exposed to ZIKV in utero. 3, 4 The increase in the number of newborns with microcephaly and neurologic disorders in adults during ZIKV outbreaks has triggered a worldwide emergency response from the scientific community, with substantial efforts focusing on determining ZIKV neurotropism and potential links between the viral infection and disrupted neurodevelopmental processes.
2,5
Zika virus is a flavivirus that is transmitted to humans primarily by the bite of infected Aedes aegypti mosquitoes. Although the exact mechanisms mediating neuronal maldevelopment in this disease are not fully understood, evidence supports a selective tropism of the virus to glial cells and neuronal elements after prenatal exposure, leading to impaired survival of neuronal progenitors in the developing brain. 6, 7 The eye as an extension of the brain has been scrutinized in patients with microcephaly and documented maternal ZIKV infection. As many as 55% of the patients in the 2015-2016 Brazilian ZIKV epidemic had obvious central retinal abnormalities and ocular changes. [8] [9] [10] [11] [12] [13] The neurodevelopmental defects associated with ZIKV infections are now grouped together as congenital Zika syndrome (CZS).
Retinal changes in CZS generally involve the macula, with lesions ranging from subtle pigmentary changes to overt retinal atrophy.
8-11, [13] [14] [15] [16] [17] Glial and neuronal elements present in the CNS are well represented in the retina and can be viewed noninvasively in vivo at high resolution with spectral-domain optical coherence tomography (SD-OCT), which was recently used to qualitatively describe the retinal disease in CZS. 10, 14, 17 In the present study, we used SD-OCT to quantify the changes in the neuronal organization of the retina in a cohort of patients with CZS, hoping to contribute to a better understanding of the neurologic disease.
10,14,17

Methods
This retrospective analysis consisted of data recorded from 8 infants with CZS who were examined at the Altino Ventura Foundation, Recife, Brazil, from January 1 to March 17, 2016 , and 8 patients with cobalamin C (cblC) deficiency examined at The Children's Hospital of Philadelphia, Philadelphia, Pennsylvania, from May 4, 2015, to April 23, 2016 . Patients underwent comprehensive ophthalmologic evaluations and imaging of at least 1 retina with SD-OCT; when both eyes were available, the eye better aligned with respect to the fovea and/or with the best signal was chosen for quantitative analysis for a total of 8 eyes ( Table 1) . Details of the clinical examinations and SD-OCT methods have been published elsewhere. [10] [11] [12] [13] 19 Procedures adhered to the Declaration of Helsinki, 20 and the study was approved by the institutional review boards of both participating institutions. Parents of patients with CZS provided written informed consent before study enrollment; data from patients with cblC deficiency were obtained as a retrospective review of records under a waiver of consent approved by the institutional review board of The Children's Hospital of Philadelphia.
19
For reference, the patient identification used throughout this report corresponds to that used in previous publications.
10,19
The following landmarks were inspected to confirm the centration of the SD-OCT scans in relation to the foveal center: location of the fovea on fundus photographs, position of the scanning line in the infrared reflectance image acquired during SD-OCT, and the shape and position of the parafoveal ridge in relation to areas of retinal thinning and increased posterior backscattering from chorioretinal atrophy. Scans were aligned and rotated to compensate for head rotation. Regions of interest were magnified for analysis; the full extent of these SD-OCT scans have been published elsewhere. [10] [11] [12] [13] 19 Segmentation of SD-OCT images was performed automatically with the built-in software of the OCT systems and with ImageJ imaging analysis software (https://imagej.nih.gov/ij /links.html). Each retinal layer thickness was measured at specific eccentricities using the distance between the signal peaks (maxima) and troughs (minima) on longitudinal reflectivity profiles (LRP) according to published criteria.
21,22
Results
Eight infants with CZS (5 girls and 3 boys; age range, 3-5 months) and 8 with cblC deficiency (3 girls and 5 boys; age range, 4 months to 15 years) were included in the analysis. Patients with cblC deficiency were homozygous or compound heterozygotes for mutations in the methylmalonic aciduria and homocystinuria type C (MMACHC [OMIM 609831]) gene. An SD-OCT cross-section from the fovea into nasal retina in a healthy 4-month-old infant showed the expected contour and lamination of the retina near the foveal center ( Figure 1A) . The hyporeflective bands correspond to nuclear layers (outer nuclear layer [ONL] , inner nuclear layer [INL] , and ganglion cell layer [GCL] ), separated by thin hyperreflective bands that correspond to the inner plexiform layer (IPL) and outer plexiform layer; the retinal nerve fiber layer is the superficial hyperreflective band ( Figure 1A ). Lateral displacement of the inner retinal neurons causes the central foveal depression. 23, 24 With in-
Key Points
Question What are the microstructural changes of the retina in congenital Zika syndrome?
Findings In this case series of 8 patients with congenital Zika syndrome and 8 individuals with cobalamin C deficiency, retinal regions without chorioretinal atrophy demonstrated ganglion cell layer loss on spectral-domain optical coherence tomography that was disproportionately more severe than coexisting changes in the photoreceptor and inner nuclear layers.
Meaning Consistent with a murine model of congenital Zika syndrome, this study provides in vivo evidence of depletion of a specific neuronal population (ganglion cells) in this condition, which may constitute the primary event that ultimately leads to foveal maldevelopment and central chorioretinal atrophy.
creasing distance from the foveal center, the INL can be seen first, followed by the GCL. The GCL was maximal in thickness at approximately 0.5 to 1.5 mm from the foveal center, where the overall thickness from the plexiform layer to the GCLretinal nerve fiber layer interface approximates that of the ONL, creating the foveal ridge. At greater eccentricities, the GCL declined rapidly in thickness; the ONL did this gradually ( Figure 1A ). All patients with CZS in this study had neurologic disease, ocular findings, and abnormal visual acuity compared with healthy infants 18 ( Table 1 and Table 2 ). All patients with CZS had positive serologic findings for ZIKV and negative findings for toxoplasmosis, rubella virus, cytomegalovirus, herpes simplex virus, syphilis, and human immunodeficiency virus. Testing for cblC disease was not pursued in patients with CZS, and no perinatal metabolic screening for cblC deficiency was in place; the disease was not suspected on clinical grounds. An SD-OCT image of a patient with CZS and relatively mild retinal changes in his right eye is shown in Figure 1 ; his left eye had severe central thinning.
10 At a distance from the foveal center where changes are not clinically apparent, the lamination pattern appeared to be normal. However, close inspection revealed that the GCL was barely detectable as a thin hyporeflective band, whereas the ONL was clearly visible. The interdigitation zone was not detectable across the entire cross-section, and the ellipsoid zone was closer to the retinal pigmented epithelium (RPE)-Bruch membrane band, suggestive of photoreceptor outer segment loss and/or shortening. 10 Closer to the fovea, loss of the ellipsoid zone was noted in the rest of the patients with CZS ( Figure 1B , white arrowheads), and there were sharp transitions to severe ONL thinning with disorganization of the foveal anatomy. The foveal center was hyperreflective, which suggests intraretinal glial changes, and hyperreflectivities were observed posterior to a thinned RPE, likely representing RPE loss and/or demelanization ( Figure 1B , asterisks). At the most distant location from the fovea (2.0-2.7 mm), where little lateral displacement of the inner neurons is observed relative to the photoreceptors from which they receive the synaptic input, the appearance of severe GCL thinning but spared ONL was almost identical to that observed in cblC deficiency ( Figure 1A ; patient 1 with cblC deficiency). 19, 24 Cross-sections from patients 2, 3, and 4 with CZS were used to inquire whether the above pattern of disease expression was common in CZS ( Figure 1B) . Although a spectrum of severity exists, with patient 4 having the least severe expression, all 3 patients recapitulated the same pattern of GCL loss and relative preservation of the ONL. Widening and approximation of the IPL to the superficial retinal nerve fiber layer with intervening hyperreflectivities was observed, which confers the retina superficial to the INL as the appearance of a single hyperreflective band, obscuring a thinned GCL. The interdigitation zone band was nondetectable. In all 3 patients, a steep transition to severe structural outer retinal abnormalities was found ( Figure 1B , white arrowheads), with increasing proximity to the foveal center with ellipsoid zone loss followed by severe ONL thinning. At the fovea, thinning and posterior displacement of the ocular layers were observed in patients 2 and 3 with CZS ( Figure 1B) , a pattern termed pseudocoloboma. 19 We found no apparent relation between the degree of structural abnormalities in the perifovea and this foveal feature. Patient 3 with CZS, who had the least severe parafoveal abnormalities, still showed severe foveal thinning and distortion, whereas patient 4 with CZS, who had an overall thinner perifovea, showed no posterior displacement at the fovea; GCL loss in this eye confers the fovea as a flattened appearance from loss of the foveal ridge. Patients 2, 5, and 7 with cblC deficiency with a different underlying primary abnormality (metabolic) had a similar central retinal structural outcome ( Figure 1C ). Patient 5 with cblC deficiency had the mildest disease, with an intact perifovea but severe foveal changes with retinal atrophy and RPE loss. Patient 2 with cblC deficiency had overall retinal thinning with an almost indistinguishable GCL and a flattened foveal contour, as in patient 4 with CZS. Amalgamation of the ONL and INL as a result of severe photoreceptor loss and a thickened superficial hyperreflective band without a detectable GCL in patient 7 with cblC deficiency resembled the appearance in patient 4 with CZS and the pericentral retina of patient 2 with CZS 10 ( Figure 1C ).
The SD-OCT cross-sections were quantified to better understand the structural abnormalities. Included were locations far enough from the fovea (2 mm) where photoreceptor and ganglion cell contributions to the nuclear layer thicknesses were expected to be near maximal, where minimal displacement of the neurons in the inner retina was relative to the photoreceptors from which the ganglion cells receive their synaptic input, and a location where variability of the topography around the foveal center was minimal. 19, 24 This last feature was required to allow comparisons between scans that departed from the conventional horizontal and vertical directions. Cross-sectional SD-OCT images are built by combining a series of depth scans (A-scans) that contain information about the amplitude of the OCT signal. The resulting waveforms or LRPs contain information that can be used to quantitatively ascertain changes in retinal structure that may not be apparent by inspection (Figure 2) . 21 We compared an LRP from a heathy infant aged 4 months with LRPs from patient 1 with CZS and patient 1 with cblC deficiency (Figure 2 ). A normal LRP shows signal peaks corresponding to the hyperreflectivities on the SD-OCT cross-sections and troughs associated with lower signal amplitudes in each of the nuclear layers. The LRPs aligned by the peak that corresponds to the RPE demonstrated retinal thinning as the signal peak that corresponds to the retinal nerve fiber layer moved closer to the peak that corresponds to the RPE in both patients. Of the 3 troughs that correspond to the nuclear layers, the GCL showed the larger change compared with the normal profile. The LRPs from each of the patients were used to estimate the thickness of each of the nuclear layers. 21 Next, the interrelationships between the changes observed in each of the retinal layers were explored by plotting GCL and INL thicknesses against photoreceptor (ONL) thickness (Figure 3 ). Measurements were obtained at 2 mm from the foveal center, where minimal lateral displacement of the inner retina related to the distal photoreceptors from which they receive their input exists; the GCL thickness topography at this location is rather symmetric around the circumference of the parafoveal retina. 23, 24 Significant GCL thinning and nonsignificant INL and ONL thinning in 6 of 8 patients with CZS was found; the 2 other patients showed thinning of all nuclear layers. In CZS and cblC deficiency, the most notable abnormality was the GCL thinning and the presence of near-normal ONL thickness in most patients, suggesting primary susceptibility of GCL and possible interference with foveal development (Figure 3) . The structural disorganization in CZS prevented accurate quantitation of the different layers near the foveal center in all but patient 1 with CZS ( Figure 1A) . Qualitatively, however, we found no obvious association between the level of structural disruption at the fovea and the level of GCL thinning in the pericentral retina.
Discussion
The association of severe congenital CNS malformations, stillbirth, neonatal deaths, and the increased recognition of neurologic disease in adults with ZIKV infections are cause for concern and emphasize the need for a better understanding of the mechanisms underlying this disease. 2,5 Histopathologic and experimental evidence now supports ZIKV neurotropism toward neuronal progenitors in CZS. 2, 6, 7, [25] [26] [27] [28] [29] [30] In this study, we used SD-OCT to quantify in vivo the microscopic changes in a group of patients with CZS. By focusing on regions distanced from areas of histologic disorganization where neuronal layers are not easily discernible, we were able to identify a predilection for cell loss within the GCL. Quantitative analyses demonstrated that thinning was below reported lower limits for any foveal developmental stage and was proportionally greater in the GCL than in distal photoreceptors. [31] [32] [33] The findings suggest that ganglion cells and perhaps surrounding glia are the primary cellular targets in the retina of patients with CZS, consistent with histologic observations in a murine model of ZIKV infection.
34,35
The involvement of the astrocyte-rich GCL is intriguing because astrocytes and/or glia have been hypothesized to be central to the spread of ZIKV in the developing CNS. 35 Retinal ganglion cells, their axons, and their synaptic partners are most dense in the central retina. 23 The regional predilection of the lesions for the central retina may reflect neuronal death as a consequence of peripheral ZIKV spread through retinal ganglion cell axons from infected CNS targets, a pathway documented in murine CNS infections. 8,10,13,34 Axonal loss after ganglion cell death helps explain reports of optic nerve hypoplasia and atrophy in CZS. 8, [10] [11] [12] 17 Studies in milder cases of CZS compared with age-matched controls are needed to confirm these observations overcoming the limitation of the normative data in this study. The retina, an extension of the forebrain accessible to exploration in vivo SD-OCT, provides a unique platform that can be used to explore the pathophysiologic features of the CNS disease in CZS. For example, whether the retinal findings in CZS are a simple consequence of an infection and subsequent death of terminally differentiated retinal neurons and/or glia, are driven by disturbed neurodevelopmental processes after the death of retinal progenitor cells, or are a combination of both remains unclear. 5 Retinal changes noted during the CZS epidemic include the presence of central regions of well-delimited chorioretinal atrophy with posterior displacement of the ocular layers in some patients that resemble congenital ocular lesions known as macular pseudocolobomas. [8] [9] [10] [11] [13] [14] [15] [16] [17] The retinal findings in CZS resemble the structural abnormalities associated with cblC deficiency, in which a neurodevelopmental abnormality is also suspected. 19 We confirmed that both diseases share abnormalities at the level of the GCL exceeding those in the outer retina and atrophic foveal lesions; this finding may indicate interference with common developmental processes, a mechanism that has been proposed to explain CNS abnormalities in CZS. 6, 7, 30, 36 Other ocular findings in CZS, such as iris coloboma, optic nerve hypoplasia, and lenticular changes in the absence of active ocular inflammation, appear to favor ocular maldevelopment.
8
Localized central chorioretinal atrophies and pseudocolobomas have been associated with early-onset retinal degenerations and diseases in the spectrum of TORCH syndrome (toxoplasmosis, other agents, rubella, cytomegalovirus, and herpes simplex), pseudo-TORCH syndrome, and complex genetic syndromes. 19, [37] [38] [39] The association of chorioretinal atrophy and microcephaly in CZS is particularly interesting because similar associations exist within this etiologically heterogenous group of diseases. 25,38,39 Documented cases of preserved retinal structure despite total absence of the GCL in anencephaly or hydranencephaly argue against an obligatory causal relationship between the CNS malformations and central chorioretinal degenerations. 40 We speculate that heterogeneous insults that cause ganglion cell (and/or glia) loss and the death of their synaptic partners during a specific stage in development may lead to foveal maldevelopment and to a common phenotype of sharply delineated cen- tral chorioretinal atrophy. Additional studies in larger cohorts of patients are needed to confirm whether this specific pattern of neuronal loss is consistently associated with this nonspecific congenital retinal lesion. Electroretinography and/or visual evoked potentials may help by providing objective measures of the magnitude and relative contributions of the different neuronal populations to the visual dysfunction, as well as the effect of the disease on the processing and transmission of the visual signals along the visual pathway. The structural detail of the lesions observed in our patients with CZS differs from that of retinal lesions described so far in adults infected with ZIKV, where abnormalities are predominantly found in the outer retina, RPE, and choroid. [41] [42] [43] [44] [45] Although CZS has a similar predilection for the central retina, GCL loss has not been observed, suggesting a peculiar vulnerability of the inner retina in CZS. The differences in retinal disease expression may be caused by a different molecular phenotype of the vascular barriers, the susceptible neuronal populations, or the immunologic environment of the mature retina.
26,46,47
Limitations
This study is limited by the small sample size. Future studies including large numbers of patents representing a full spectrum of retinal disease severity are required to determine the relevance of our findings.
Conclusions
CZS showed a central retinal degeneration with severe GCL loss, borderline INL thinning, and less prominent photoreceptor loss. The findings provide the first, to date, in vivo evidence in humans for possible maldevelopment with a predilection of retinal GCL loss in CZS, consistent with a murine model of the disease and suggestive of in utero depletion of this neuronal population as a consequence of Zika infection. Patient 1 with CZS showed interocular asymmetry with mild clinical changes in 1 eye but obvious retinopathy on SD-OCT; these findings raise the possibility of subclinical but functionally important retinal changes that may be present even in cases without obvious microcephaly. 4, 13 Retinal and CNS neurodevelopment is a continuous process that does not end at birth. We hope that detection of such subtle abnormalities will lead to interventions that may help patients achieve the best possible functional outcome. By alerting the clinician to a subclinical form of CZS, SD-OCT has the potential to become an additional tool in the neurologic surveillance of infants with serologic evidence of prenatal exposure to ZIKV but with a normal head circumference. As such, SD-OCT promises to provide quantitative structural biomarkers with which to define the impact that future interventions may have in preventing the complications of CZS.
